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SUMMARY

Aerodynamic-heating data have been obtalned on a modified fineness-
ratio-5.0 Von Kdrman nose shape at free-stream Mach numbers up to 10.4 with
a rocket-propelled model. Transient skin temperatures were measured at one
station, 26.6 inches behind the tip of a nose 31.6 inches long. A maximum
skin temperature of 1,663° R was measured soon after the maximum Mach number

was obtained.

During the periods for which experimental Stanton numbers were pre-
sented, flow parameters Jjust outside the boundary layer at the temperature
measuring station varied as follows: the local Mach number varied in the
range between 0.8 and 3.0 and the local Reynolds number varied in the range

between 0.8 X 106 and 35.5 X 106. The ratio of skin temperature to local
static temperature varied between 1.0 and 3.6.

The experimental Stanton numbers agreed well with Van Driest's turbu-
lent theory while the local Reynolds number was high - that is, while the

local Reynolds number varied in a range above 6.8 X 106. For local Reynolds

numbers less than 3.5 X 106 the experimental Stanton numbers were of the
magnitude predicted by Van Driest's laminar theory. Transition from turbu-
lent to laminar flow at the temperature measuring station, as indicated by
the change in the magnitude of the Stanton number, occurred as the local

Reynolds number decreased from 6.8 x 106 to 3.5 X 106 at essentially a con-
stant locgl Mach number of about 9.0.

INTRODUCTION

The problem of aerodynamic heating is currently being investigated by
the Pilotless Aircraft Research Division of the langley Aeronautical
Laboratory with techniques that utilize rocket-propelled models in free
flight. Results of some recent investigations are presented in reference 1

lSupersedes recently declassified NACA Research Memorandum L56D25
by William M. Bland, Jr., and Katherine A. Collie, 1956.



for free-stream Mach numbers up to 3.9 and in reference 2 for free-stream
Mach numbers up to 5.6. 1In these investigations, skin temperatures were
measured at single stations on conical noses and on a parabolic nose.
Heat-transfer coefficlents were obtained frcm the skin-temperature meas-
urements and compared in the form of Stantor number with theoretical
results.

In another investigation, first reported in reference 3, skin-
temperature measurements were made at free-stream Mach numbers up to 10.4
at a single station on a modified flneness-ratio-5 Von Karmen nose shape.
These skin-temperature measurements have been presented in the form of a
time history and compared in reference 4 with calculated skin temperatures
based upon the theories of Van Driest.

It is the purpose of this paper to present the aerodynamic-heat-
transfer results obtained from the skin-temperature data of the test at a
Mach number of 10.4 of references 3 and 4 ir the form of local Stanton
number. Local Reynolds number, based upon sxial distance from nose tip to

temperature measuring station, has a maximun value of 35.5 X lO6 at a free-
stream Mach number of 4.1. The ratio of skin temperature to local static
temperature Jjust outside the boundary layer at the temperature measuring
station varied from 1.0 to 3.6 during the test.

The flight test was conducted at the Pilotless Aircraft Research
Station at Wallops Island, Va.

SYMBOLS
A area, sq ft
Cp local skin-friction coefficient
h
Cy Stanton number,
Cn PyV
pPviv
Cp \ speclific heat of air at constant pressure, Btu/slug—OF
cy specific heat of wall material, 1tu/l1b-"F
h local aerodynamic-heat-transfer cocefficient,
Btu/sec-sq ft-°F
J mechanical equivalent of heat, 7,8 ft—lb/Btu

k thermal conductivity of air, Btu-ft/sec-°F-sq ft
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Subscripts:
aw

o}

50

1,2,3,4

axial distance from nose tip to temperature measuring station, ft
Mach number
static pressure, lb/in.2

Prandtl number, cpu/k

quantity of heat, Btu

Reynolds number, p,V,l/u,

recovery factor, (Taw - TV)/(TSO - Tv)
temperature, °R

time from start of test flight, sec
velocity, ft/sec

velocity of sound, ft/sec

emissivity
viscosity of air, slugs/ft-sec (except as noted)

density of skin material, lb/cu ft; density of air, slugs/cu ft

Stefan-~-Boltzmann constant, 0.4835 x 1012 Btu/sq ft-sec-ORM

thickness, ft

adiabatic wall

statlc free stream
radiation shield
stagnation

outside boundary layer
skin

numbers used to identify different heat quantities



MODEL, INSTRUMENTATION, AND TEST

Except for information pertinent to thils report, only brief descrip-
tions of the model, instrumentation, and test are presented herein; how-
ever, more complete descriptions are presentzd in reference 3.

Model

The model, which consisted of a modified fineness-ratio-5.0
Von Kdrmédn nose shape, a fineness-ratio-5.0 c¢ylinder, and a frustum of a
cone, is shown as a sketch in figure 1 and as a photograph in figure 2.
The nose was modified at the tip by the addition of a wedge forward of a
station 2 inches behind the tip of the Von Kirmgn profile.

The nose of the model was machined from stainless steel hollowed out
as shown in figure 1. 1In back of station 7.2, the model had an exterior
skin fabricsted from 0.032-inch-thick Inconel. The exterior of the nose
had a smoothly polished finish. Instrumentation was housed in the nose
of the model between stations 9 and 31. A radiation shield made of
0.032-inch-thick Inconel, which was spaced 0.2 inch from the inside sur-
face of the external skin, surrounded the instrumentation to protect it
from the high external skin temperatures reached during flight. Increases
to the thermal capacity of the external skin were kept to a minimum. As
shown in figure 1, the radiation shield joina2d the external skin at only
one station (9.5) between stations 7.9 and 3l, and there had a minimum of
physical contact.

Instrumentation

Of the six instruments contained in the model, only two were concerned
directly with the aerodynamic-heating aspects of the test. Both of these
instruments were used to measure temperatures of the external skin at sta-
tion 25 of the Von Kdrmhn profile (26.6 inch:s behind nose tip) and both
were calibrated in the temperature range fron 0° F to 1800° F. One, a
thermocouple, was inserted in a hole in the :xternal skin and welded in
place, and the other, a resistance wire, was fastened to the inside of the
skin with an adhesive. The resistance-wire :temperature measuring device
failed about 34 seconds after the beginning >f the flight test.

Other instrumentation consisted of grouid-based radar units for meas-
uring model velocity and for obtaining the pisition of the mcdel in space.
The velocity measuring unit lost the model at about 28 seconds and for
times thereafter acceleration and total pressure measured by instruments
contained within the model were used to calcilate velocity as described in
reference 3. A rawinsonde carried aloft by a ballioon provided measurements
of atmospheric conditions and winds at the time of the flight test.
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Test

The desired performance was attained by using a four-stage propul-
sion system consisting of solid-fuel rocket motors. The model, which
contained one of the rocket motors, and the three booster stages are
shown in figure 3 as they appeared on the launcher. A porticn of the
trajectory followed by the model is shown in figure 4, and an altitude
time history is shown in figure 5.

DATA REDUCTION
General
During the flight test of the model, measurements furnished the
following data, which are basic to the aerodynamic-heating investigation
as functions of flight time:
1. Flight-path velocity (fig. 5)

2. Free-stream air density, static air pressure, and velocity of
scund (fig. 6)

%, Mach number (fig. 7)

L. Skin temperature (figs. & and 9)

5. Free-stream static air temperature (fig. 9)

These data were reduced to Stanton number, the nondimensiocnal form
of the local aerodynamic heat-transfer coefficient, by the following
prucedure. The basic heat-transfer equations as given in reference 5

and used in this procedure are:

For convection,

i

= DA (Tay - Ty) (1)

aw

For radiation (outward),

dQ N
== = €00 T, (2)



For radiation (inward),

(3)

Equation (3) applies to the case of coaxial cylinders and is considered
to be a good approximation for the coaxial shape used in this
investigation.

The time rate of change of heat contained within the skin is

dQy, dT,
oo At vy (4)

The sum of the heat transferred to the skin per unit time as expressed
by the summation of equations (1), (2), and (3) is equal to the time rate
of change of heat contained within the skin

Q) dq, dqz d,

it _ at _ at  at (5)

where the minus sign indicates a loss of heat. Also this expression
neglects the conduction of heat along the skin and radiation from outside
sources which are estimated to have a negligiole effect. Substituting
expressions for dQ/dt into equation (5) and solving for the local
aerodynamic-heat-transfer coefficient result in the expression

at,, y ot r - 1)
CypyuTy — + €,0T v 8
wPwTw TS + €y0oly + A, /- 1
A—(‘e"" l) t e
h = B} 3 hul (6)
Taw - Tw

The local Stanton number can be cobtained by nondimensionalizing the
local aerodynamic (convective) heat-transfer coefficient, as follows:

h

H c o v
PV vy

O+ O\



Evaluation of Quantities

The properties of the Inconel skin are known. The variation with
temperature of the specific heat ¢, as shown in figure 10, was obtalned
from reference 6. The density and thickness T, of the skin are
known constants, 530 lb/cu ft and 0.00267 foot, respectively. The emis-
sivity of nonoxidized Inconel is shown to vary only slightly from 0.3
over the test range of temperature in reference 6; therefore, €, and
€g Wwere considered to be equal to 0.3 throughout the test. The time
rate of change of the skin temperature dTw/dt was determined graphically
from a suiltably scaled time history of the measured skin temperature. The
temperature of the radiation shield, which was not measured during the
flight test, has been estimated from the unpublished results of some appli-
cable static heating tests and has also been calculated by assuming that
all the heat entering the shield was transferred from the external skin by
radiation. The estimated and calculated shield temperatures, which are
believed to be representative of possible shield temperature limits, are
included in figure 11. No significant change in the inward radiation
was noted when the different shield temperatures were used in the reduction
of the heat-transfer data.

The adiabatic-wall temperature Tgy was calculated from the expres-
sion for recocvery factor (ref. 7)

T - T
R.F. =8 __ 'V (8)
Tso = Ty
or rearranging
Taw = ReFu(Tgo - Ty) + Ty (9)

For laminar flow R.F. was taken as Prl/2 and for turbulent flow R.F.
was taken as Prl/3 as discussed in reference 7, where Prl/2 and Prl/5
were based upon T,. The variations with temperature of Prl/g, Prl/5,

and other thermodynamic properties of air (ref. 8) used in this report are
shown in figure 12. 1In order to account for the variation with temperature
of the specific heat of air, the stagnation temperature was calculated with
the energy relation



The local temperature T and other locesl flow parameters at the

v
temperature measuring station have been obtained from the local to free-
stream ratios presented in figure 13. These 1'atios were calculated for
the same basic nose shape used in this test, but with a different nose-
tip modification. In order to simplify the culculations, the (7.5° half-
angle) wedge nose-tip modification to the Von Kérmén nose shape of the
model was replaced by a 10° half-angle cone that faired smoothly into the
Von Kdrman nose shape at station 2.7. At supersonic speeds for which

M < 5.0 the flow-parameter ratios were based upon Pv/Po ratios calcu-
lated by the second-order thecory of reference 9. For the rest of the
supersunic speed range included in this test, the flow-parameter ratios
were caglculated by the conical-shock-expansiorn method of reference 10.

No attempt was made to adjust these inviscid f'low results for boundary-
layer-displacement thickness.

Time histories of the stagnation temperature, adiabatic-wall temper-
ature, free-stream static temperature, and local static temperature at the
temperature measuring station are included in figure 9.

ACCURACY

The accuracy of the experimental data as reduced to Stanton numbers
has been calculated in the mamner described 11 reference 11. Results of
these calculations are as follows:

Time, sec Pasﬁlble.per(ent
error in (H

2 51

i 2k
&5 +10h
&g 519
10 £114
81y +£104
it 10
18 th
21 125
Go% 166
24 +17
28 4
30 5
2 5
3% +86
30 thl
e +£19

8Data not presented at these
times because of the large calcu-
lated error.

0T19T-1



Examination of these errors and figure 9 shows that the errors in
Stanton number become very large when the difference between the adiabatic-
wall temperature and the wall temperature becomes small ((Taw - Tw)——éo)

and dTw/dt——>O as between 6 and 15 seconds and near 23 seconds. Also,
the calculated errors become large near 35 seconds when dTw/dt—f>O.

RESULTS AND DISCUSSION

Local flow parameters at the temperature measuring station, Reynoclds
number, the ratio of wall temperature to local temperature, and Mach number,
are presented as time histories in figure 14.

The skin temperatures as measured by a thermocouple and a resistance
wire at a station 26.6 inches behind the nose tip of the model are pre-
sented as a function of time in figure 8. The temperatures measured by the
two instruments are in very good agreement until shortly before the resist-
ance wire failed at 34 seconds. These data show that changes in skin tem-
verature were very small and thereby indicate little aerodynamic heating
until after 16 seconds when acceleration from the second-stage booster
increased flight velocity to beyond about M = 2.0, corresponding to a
local Reynolds number at the temperature measuring station of approximately

20 x 10°. It was during the second-stage acceleragtion that the greatest
rate of change of skin temperature was attained, 232° R/sec. The skin
temperature continued to increase, except for a short time during the
coasting period that followed burnout of the second stage, until a maximum
temperature of 1,663° R (as measured by the thermocouple) was reached soon
after the maximum Mach number of 10.4 was attained. Even though the Mach
number after the maximum temperature was still very high, the measured
skin temperature started to decrease because the convective heating at the
higher altitudes was more than offset by the radiation losses.

By use of the procedure discussed in the section of this report
entitled '"Data Reduction," the heat-transfer data have been reduced to
Stanton number and are presented as a time history in figure 15. In this
figure, it can be seen that the Stanton numbers based upon the thermo-
couple measurements and the resistance-wire measurements are in fairly
good agreement. The differences in Cp can be attributed mostly to the

differences in slopes of the measured skin temperatures in figure 8. The
reduced experimental data have not been presented between 5 and 15 seconds
and in the neighborhood of 23 seconds because of the extremely large possi-
ble errors calculated for these times as previously noted in the section
entitled "Accuracy."
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The theories of Van Driest for laminar flow (ref. 12) and for
turbulent flow (ref. 13) modified as suggested in reference 14 (p. 16)
have been used to calculate the theoretical values of Stanton number for
cones and flat plates for the M, Ry, and T_ /T, conditions of the

test. The relation Cy was used for laminar flow.
co

= y3C
e 13 Helat plate

For turbulent flow, CfCO was determined from the relation
ne

=c when = (Ry/2 (ref. 15). Values
cfcone friat plate Rv,cone ( v/ )flat plate

of Cy Wwere then determined from the relation Cy = 0.6cy (ref. 16).
The experimental values of Cy, when compar:d with theoretical values in

figure 15, agreed with the level of turbuleat theory to about 32.3 sec-
onds, at which time the local Mach number had increased to the maximum
value of 9.0 and the local Reynolds number 1ad decreased to about

6.8 x 106, which was the lowest value since the earliest part of the
flight test. After 32.8 seconds the experimental values rapidly decreased
until at about 34.5 seconds (at whicn time My had decreased to about 8.9

and R, had decreased to about 3.5 X 100) they reached a general level

slightly below the magnitude predicted by laminar theory. During the rest
of the test, as My decreased to about 8.4 and R, decreased to about

0.8 x 106, the experimental values of Cy fell progressively lower than
even the laminar flat-plate theory.

In general, the experimental values of Cyg do not agree best with

either the flat-plate or the conical theory. This was not unexpected
because the tested nose shape was neither a cone nor a flat plate and
was Of such shape that the pressure varied ilong its surface.

CONCLUDING REMARK 3

Aerodynamic-heating data have been obtiined at one station,
26.6 inches behind the tip of the nose, on .1 modified fineness-ratio-5.0
Von Karmén nose shape at free-stream Mach nmbers up to 10.4 with a
rocket-propelled model. Flow parameters just outside the boundary layer
at the temperature measuring station varied as follows: the local Mach
number varied in the range between 0.8 and .0, the local Reynolds num-

ber varied in the range between 0.8 x lO6 and 35.95 X 106. The ratio of
skin temperature to local static air temperiture varied between 1.0

and 3.6.

The experimental Stanton numbers agreel well with Van Driest's tur-
bulent theory while the local Reynolds number was high - that is, while

the local Reynolds number varied in a range above 6.8 x 106. For local
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Reynolds numbers less than 3.5 X 106 the experimental Stanton numbers
were of the magnitude predicted by Van Driest's laminar theory. Transi-
tion from turbulent to laminar flow at the temperature measuring station,
as indicated by the change in the magnitude of the Stanton nu@ber,

occurred as the local Reynoclds number decreased from 6.8 x lOb to 3.5 X 106
at essentially a constant local Mach number of about 9.0.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., April 9, 1956.
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Figure 3.- Model and boosters on launcher. 1’87011"'



Altitude, ft

17

220x103 T
N
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200
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Lo
20.¢ sec, third stage fired
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v/
// 10 sec |
0 20 Lo 60 80 100 120 1Lo 160 180 200x107

Horizontal range, ft

Figure 4.- A portion of the trajectory followed by model.
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Figure 1k.- Time histories of local Reynolds number based on axial dis-
tance to the temperature measuring station, local Mach number at the
temperature measuring station, and ratio of wall temperature measured
by thermocouple to local static temperature.
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